age improves both milling yield and energy density for livestock.
O
at is widely used for human food and livestock and they exhibit biological activity known as vitamin E. feed. Traits that are important for the grower, miller, Tocotrienols also inhibit cholesterol biosynthesis (Pearce and/or consumer can be grouped into agronomic traits et al., 1992) , and both tocotrienols and tocopherols are (yield, plant height, lodging, heading date, pest resistance), lipid-soluble antioxidants in plasma and lipoproteins grain physical traits (groat and kernel weight, test weight, (Suarna et al., 1993) . ␣-Tocotrienol, which is the pregroat percentage, milling yield), and grain composition dominant tocol in oat and barley (Hordeum vulgare L.), traits (protein, oil, ␤-glucan, phytochemicals). For huwas reported to be superior to ␣-tocopherol in scavengman food, grain that is high in protein and soluble fiber ing reactive oxygen species in membranes (Serbinova (␤-glucan) and low in oil is desired. To maximize energy et al., 1991) . Tocol concentration in oat is affected by for livestock feed, high oil and low ␤-glucan are pregenotype and by environment (Peterson and Qureshi, 1993) . In contrast to the tocols, avenanthramides are ferred along with high protein. A high groat percentunique to oat (Collins, 1989) . These compounds, which consist of anthranilic acid or hydroxyanthranilic acid Names are necessary to report factually on available data; however, linked to one of the hydroxycinnamic acids through an the USDA neither guarantees nor warrants the standard of the prodamide bond, are potent antioxidants in vitro (Peterson uct , and the use of the name by USDA implies no approval of the prodet al., Bratt et al., 2003) . Recently, antioxidative uct to the exclusion of others that may also be suitable.
and antiatherogenic effects in vivo have been demonstrated (Ji et al., 2003; Chen et al., 2004; Liu et al., 2004 and Peterson, 2001 ). The HPLC procedure was modified from standard deviation). The models were validated by the full cross validation method (Esbensen, 2002) . The results of the earlier studies as follows. The column was a Discovery HS C18, 5 cm by 4.6 mm, 5-m column (Supelco, Bellefonte, PA). The PCA are shown as biplots of PC1 vs. PC2 for each specific trait, where genotypes and environments are represented by markgradient was 150 mL L Ϫ1 acetonitrile for 5 min, then increasing in concentration to 180 mL L Ϫ1 at 6 min, 300 mL L Ϫ1 at ers on the biplot (Yan and Kang, 2003) . 17 min, and 600 mL L Ϫ1 at 18 min. The other phase was 0.01 M NaH 2 PO 4 , pH 2.8. The flow rate was 1 mL min Ϫ1 and 10 L
RESULTS AND DISCUSSION
of sample was injected. Peaks were detected at 340 nm with a Model 170 diode array detector (Gilson, Middleton, WI). Only
The group of genotypes selected for this study ( Tathe environments, trials at Aberdeen under irrigation and at Tetonia, which is at a higher elevation, with and withStatistical Analysis out irrigation were grown three consecutive years. though significantly different among environments, did
Phenotypic and genotypic correlation coefficients among not vary as much. For the grain constituents, the avenatraits were computed using the sums of squares and cross products matrices for genotypes and genotypes ϫ environment nthramides showed the greatest influence of environgenerated by the SAS MANOVA procedure (Falconer, 1989 protein and the tocols, the differences among environvisualized graphically (for up to three PC). The computations ments were not specifically attributed to either year and background for PCA are described by Esbensen (2002). or trial.
The data set was averaged across repetitions. The data were
Tocol concentrations were similar to those previously mean centered (the mean is subtracted from each variable) and scaled to unit variance (each variable is divided by the reported for oat grown in North Dakota, Indiana, and New York (Peterson and Qureshi, 1993) . In that study, Yield had a large variance associated with error. The oat from the New York location averaged higher in tovariance associated with the genotype ϫ year interaccols than did oat grown at the midwestern sites. In the tion was significant for nine traits and was greater for current study, there was no consistent advantage of any ␤-glucan and protein than for the other traits. For ␣-tocotrial across the three years.
pherol, variance was distributed among genotype main Avenanthramide concentrations were markedly lower effect, its interaction with year, and the three-way interat all trials than was previously reported from Wisconsin action. The genotype ϫ trial interaction variance was sites (Emmons and Peterson, 2001 ). Even at these low uniformly negligible, except for the avenanthramides, levels, there was a consistent advantage of the Aberdeen where it was significant. As discussed previously, we know trial over those at Tetonia. Reports from Sweden have that environment affects avenanthramide concentrations shown both relatively high (Dimberg et al., 1996) and in ways that are not yet understood. It is clear from these low (Bryngelsson et al., 2002) traits had robust models, with a high percentage of the in Sweden, oat plants that experienced mild or severe total variation accounted for by the first and second PCs: drought stress and were infected with saprophytic fungi oil, 93%; kernel weight, 92%; groat percentage, 88%; and rust had avenanthramide concentrations that were protein, 80%; avenanthramides, 76%; test weight, 60%; Ͼ10-fold higher than the same cultivars in a second partocols, 59%; ␤-glucan, 56%; and yield, 52%. All nine allel experiment that experienced normal rainfall and environments plotted within the right quadrants of PC1 were not diseased (Mannerstedt-Fogelfors, 2001 ). Howfor each trait. Genotypes were differentiated primarever, there were no significant differences between mildly ily by PC1, whereas environments were differentiated and severely stressed plants in the first experiment, sugmore by PC2. gesting either that the presence of the fungal infections For the traits oil, protein, kernel weight, and groat permay have caused the higher avenanthramide concentracentage, the three 2000 trials (Aberdeen, Tetonia irritions, or that even mild stress is sufficient to elicit a strong gated, and Tetonia dryland) were closely associated and response. Avenanthramides in seedling oat leaves are were opposite the 1999 and 2001 trials (PC2). There was elicited by infection with crown rust spores (Puccinia no indication for any of the traits that the results of any coronata Corda var. avenae W.P. Fraser & Ledingham) trial were closely associated across all three years. The (Mayama et al., 1982; Miyagawa et al., 1995) or other results for protein and oil are shown (Fig. 1) . The cosine elicitors (Ishihara et al., 1998) . It is unknown if grain of the angle between the vectors from the biplot origin avenanthramide concentrations are similarly influenced to the environments approximates the correlation coby elicitors. However, one could speculate that avenanefficient between them (Yan and Kang, 2003) . thramide concentrations are lower in the relatively disThe biplots can be interpreted to show the relative ease-free Idaho environment than in Wisconsin and other superiority or inferiority of genotypes for each trait at more humid environments, where disease pressure is comspecific environments and in general across all environmon and the grains are colonized by saprophytic fungi.
ments. Since for each trait biplot, the environments fell The difference between Aberdeen and Tetonia could be into the right (positive) side of PC1, it is easy to discern that the warmer temperatures at Aberdeen caused some that genotypes whose markers are in the right quadrants stress, and this, by some unknown mechanism, led to are generally above average for the specific trait, and increased avenanthramide production.
those in the left quadrants below average. The distance Most of the variance of genotype means was associof the marker from the origin is a general indication of ated with the genotype main effect for all traits except yield, ␣-tocopherol and the avenanthramides (Table 3) . the magnitude of the trait value above or below the mean of all genotypes. The genotype ϫ environment interacnot shown). These four genotypes have high absolute values for PC1 but low values for PC2 (Fig. 1) , indicating tions can be discerned by observing the association of genotypes with the environmental vectors. If a line is stability across environments. Genotypes 25 and 28 were much higher than average for oil concentration in the drawn that intersects the genotype marker and is perpendicular to an environmental vector, the position 2000 trials but lower than average in 1999 and 2001. Conversely, Genotype 22 was above average for oil conwhere the line intersects the vector is a general indication of the magnitude of the trait value in that environcentration in 1999 and 2001 but below average in 2000. These genotypes all had high absolute values for PC2, ment; that is, a large positive distance from the biplot origin to the vector intersect indicates a high value for and the positions of their markers on the biplot are closely associated with the markers for the environthe trait in that environment, whereas a negative distance would indicate a low trait value. Genotypes whose ments where they expressed relatively high oil concentrations. It is important to note, however, that the markers fall close to the biplot origins do not have clear cut interactions among environments, and they will have variance for oil concentration associated with PC1 was more than seven times greater than that associated with trait values near the mean of all genotypes.
From these biplots, one can see which genotypes were PC2, so a large absolute value of PC1 is much more significant than a similar value for PC2. A similar analyrelatively stable across environments. These generally have low absolute values for PC2, although PC1 may be sis can be done for the genotypes and locations on the protein biplot. In this case, the variance associated with highly positive or negative, depending on whether their phenotype is high or low for the trait. Other genotypes, PC1 was only 2.6-fold greater than that associated with PC2, so the environmental effects were greater for prowhose position on the biplot gives a highly positive intersect for some environmental vectors but a highly negative tein than for oil.
It is essential to keep in mind that the first two princione for others (high absolute values for PC2), have a significant environmental interaction in their phenotype.
pal components of biplots do not account for all the variation. For some of the trait-specific biplots, two prinFor example, Genotypes 8 and 12 were below average for oil concentration in all environments, whereas cipal components make quite good models, that is, kernel weight, groat percentage, protein, and oil. For these, 16 and 31 were above average in all environments (data the association of genotype positions in relationship to environments is a good indicator of their performance in that environment. For other traits, additional principal components would have to be considered to more accurately reflect the relative positions. The biplots can be used to select genotypes that may have favorable combinations of traits for use in a breeding project. For example, if an objective were to increase yield, protein, and oil, genotypes that fall into the two right quadrants of biplots for these traits might be more promising than those that fall into the left quadrants.
The fact that the environments generally were in a similar position with regard to PC1, which has the highest percentage of the explained variance, indicates that for the most part, the genotypes responded to the different environments similarly. This is confirmed by the variance components (Table 3) , which were mostly accounted for by genotype. Also, most genotypes fell close to the axis where PC2 ϭ 0. For most traits, genotypes that had high values for PC2 appear to be exceptional, and these are the ones that have a stronger environmental interaction. For example, high-protein Genotypes 2 and 10 had identical mean protein concentrations (194 g kg Ϫ1 ) and nearly identical values for PC1 (Fig. 1) , but Genotype 2 (PC2 ≈ 0) was more stable across environments than Genptype 10 (PC2 ≈ 0.8), and therefore might be the better choice as a parent for the high-protein trait.
The associations among traits are shown by the phe- found a highly significant correlation between ␣-tocoHowever, these traits would not necessarily have the same associations for oat grown in midwestern or easttrienol and oil concentrations in a group of high-oil oat genotypes. An unexpected result was the positive ern environments. Almost certainly, the genotype performance would be significantly different in unadapted correlation between each of the avenanthramides and ␤-glucan concentration. A recent publication showed inenvironments.
In conclusion, we have shown that the growth environcorporation of avenanthramide 2f into the cell walls of oat leaf cells (Okazaki et al., 2004) . There is no informament affects all traits to some extent, some more than others. Interactions of genotype with the environment tion on the cellular location of avenanthramides in oat grain, but if, as in leaves, avenanthramides are incorpoare important for most of the traits that were measured, although the main effect of genotype predominated for rated into cell walls, the association with ␤-glucan seems to be logical.
all traits but the avenanthramides. Bi-plots from PCA can visually demonstrate which genotypes have a strong Avenanthramides were highly correlated with each other, as was previously suggested by PCA (Bryngelsson environmental interaction, and which are stable across environments. Aside from the well known trait associaet al., 2002). The final step of avenanthramide synthesis is believed to be catalyzed by an enzyme, hydroxycintions of yield vs. protein and oil vs. groat (kernel) size, there was a close relationship between avenanthramide namoyl-CoA:hydroxyanthranilate N-hydroxycinnamoyltransferase (HHT), which in oat seeds utilizes several and ␤-glucan concentrations. Selecting for increased concentrations of either trait might enhance the other; both different hydroxycinnamic acid and anthranilate substrates to form the different avenanthramides (Matsuare considered to be beneficial for oat as human food. kawa et al., 2000) . Two isoforms of the enzyme have different specificities for anthranilate derivatives, while they
